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Abstract The "break-junction" technique was used to 
prepare superconductor - constriction - superconduc- 
tor (ScS) nanocontacts in polycrystalline samples of 
Fe-based superconductors CeOo.ssFo.^FeAs (Ce-1111; 
T buik = 41 ± 1K ^ LaO . 9 F .iFeAs (La-1111; T^ ulk = 
28 ± IK), and FeSe (T^ ulk = 11 ± IK). Two sets of 
subharmonic gap structures were detected due to multi- 
ple Andreev reflections effect, indicating the presence of 
two nodeless superconducting gaps with the BCS-ratios 
2A L /k B T c = 4.2 -f- 5.9 and 2A s /k B T c <C 3.52, re- 
spectively. Temperature dependences Al,s(T) in FeSe 
indicate a fc-space proximity effect between two super- 
conducting condensates. A linear relation between the 
gap Al and magnetic resonance energy E res w 2Al is 
found to be valid for iron-based superconductors. 

Keywords Fe-based superconductors • two-gap 
superconductivity • multiple Andreev reflections • 
subharmonic gap structure • "break-junction" 
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1 Introduction 

Andreev spectroscopy [1] is a powerful instrument to 
measure superconducting gap in a wide temperature 
range up to Tq [MSJE] . A number of such measurements 
have been performed on oxypnictides RFeAsOi-^Fj, 
and FeSe [HIH1[7||2| . Here we present a systematic study 
of current-voltage characteristics (CVCs) and dynamic 
conductance dI(V) / dV for ScS-contacts in Ce-1111, La- 
1111 and FeSe by intrinsic multiple Andreev reflections 
effect (IMARE) spectroscopy, the superconducting gap 
values determination, as well as the gap temperature 
dependences in FeSe. The compounds under study be- 
long to the class of iron-based superconductors dis- 
covered in 2008 [5]. They are characterized by a lay- 
ered crystal structure and a presence of electron and 
hole quasi-two-dimensional Fermi surface sheets where 
two superconducting condensates are supposed to be 
formed at T < T c [5]. 



2 Experimental details 

To measure the superconducting gaps, the two meth- 
ods were used: (1) Andreev spectroscopy [I] of sin- 
gle ScS nanocontacts [5] and (2) "intrinsic" Andreev 
spectroscopy of ScS-contact stacks. The nanocontacts 
into polycrystalline samples were formed by a "break- 
junction" technique [TP] . 

To interpret the measured dynamic conductance spec- 
tra of the symmetric ScS-contacts we used theoreti- 
cal model by Kiimmel et al. [2]. The main features of 
the I(V) curves for our ScS-contacts comprise a pro- 
nounced excess current at low bias voltages and a sub- 
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harmonic gap structure (SGS) in the dl/dV curve. The 
latter shows sharp dips at bias voltages [2]: 

OA 

V n = —, n = l,2... (1) 

en 

With the number n raising up, the minima ampli- 
tude decays exponentially. In the case of a two-band 
superconductor, two distinct SGS of such a kind should 
be observed. Using a linear V n (\/n) dependence which 
passes through (0; 0) point, it is easy to determine the 
gap value accurately. 

Studies of the SGS in CVC of individual Sharvin 
type [11) ScS-nanocontacts allow to gain information 
even in the case of inhomogeneous samples. To make 
the SGS observable, the size a of an Andreev contact 
should be chosen significantly smaller than the mean 
free path I of quasiparticles (the ballistic regime) [SB 

Due to the layered structure of Fe-based supercon- 
ductors, the nanosteps in the c-direction actually repre- 
sent stacks of a limited number of ballistic SnS-junctions 
causing an intrinsic multiple Andreev reflections effect, 
which is similar to the intrinsic Josephson effect in SIS- 
array [12] ). Using stacks of contacts, one can exclude 
surface distortion of superconductivity and observe sharp 
peculiarities guaranteed corresponding to the bulk gaps. 
Bias voltages of these singularities scale with the num- 
ber of contacts N in a stack. 

For temperatures up to Tc, the gap A may be ob- 
tained directly by substituting to Eq.(l) the bias volt- 
ages corresponding to the dips [2|. The data obtained 
(Figs. 2-7) are typical for clean classical SnS-contacts 
[2] and indeed, as it will be pointed out below, show 
two distinct sequences of dips. 

The CVC and their derivatives dI(V)/dV were ob- 
tained by a computer controlled set-up using a NI digi- 
tal board. The dynamic conductance spectra were mea- 
sured with a standard modulation technique [13] . 



3 Experimental results 

3.1 CeOi-zF^FeAs 

In this section, Andreev spectroscopy data for Ce-1111 
break junctions at T — 4.2 K are presented, evaluating 
two superconducting gaps for the first time. The syn- 
thesis of polycrystalline CeOo.8sFo.i2FeAs samples with 
T buik K 41K ( gee Fig X ) ig described in rj4]_ 

Dynamic conductance for three single ScS-contacts 
fldl, (td2 (sample Cel (marked as 1 and 2)), and jjd6 
(sample Ce2 (3)) is shown at Fig. 2. Two sets of SGS 
were detected. The large gap minima marked by shaded 
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Fig. 1 Resistive transition for CeOo.8sFo.i2FeAs sample 
( T buik = 41 ±1 k). 
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Fig. 2 dl/dV-characteristics of Ce-1111 nanocontacts: sam- 
ple Cel, contacts jjdl (1) and Jd2 (2), and sample Ce2, contact 
Jd6 (3) (T = 4.2 K). Two sets of SGS corresponding to gaps 
Al ~ 9meV (marked by ni labels and dashed areas covering 
a 10% uncertainty for the large gap value) and As ~ 1.6 meV 
(dash-dotted vertical lines ns labels) are detected. The curves 
are shifted along the vertical scale for the sake of clarity 



areas (covering a 10% uncertainty) and n L labels, in ac- 
cordance with eq. (1), lead to the value A L = (9.0±1.0) 
meV. The n L — 1 minima reduced intensity may be 
caused by a slight overheating of the contact area. Since 
Andreev spectroscopy is insensitive to the direction in 
fc-space, spectra obtained by us show dispersion due to 
gap anisotropy. The latter could be an origin of a fine 
structure within the large gap SGS. The small gap SGS 
starts with minima located at Vsi ~ 3.3 mV (marked by 
dash-dotted vertical lines and n$ labels) , which exhibit 
a rather high relative amplitude than the third Andreev 
dips' for the large gap one; the ns = 2 dips are located 
at Vs2 ~ 1.6 mV. Therefore, the SGS define the small 
gap value As — (1.6 ± 0.2) meV. Linear dependence of 
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Fig. 3 The dependences of bias voltages VnL — 2AL/eriL 
and Vns = 2 As /ens on 1/n for the investigated Andreev ScS 
nanocontacts (see Fig. 2): sample Cel, contacts Jjdl (circles) 
and (Jd2 (triangles), and sample Ce2, contact (jd6 (rhombs). 
Averaged gap values are Al = 9±1 meV, As = 1.6±0.2 meV 



Andreev minima positions for the large and the small 
gap V n L,s versus their reversed number, 1/n, plotted in 
Fig. 3, demonstrates unambiguously that the dips ob- 
served in Fig. 2 do form two independent SGS indicat- 
ing the presence of two nodeless superconducting gaps. 
Taking into consideration the bulk Tq of the samples, 
the BCS ratio for the large gap is 2A L /k B T^ ulk ps 5.1; 
for the small gap 2A s /k B T* ulk « 0.9. 



3.2 LaOi-^FeAs 

Polycrystalline LaOo.gFo.iFeAs (LOFA) samples with 
bulk T^ ulk = (28 ±1) K were used, where about 50 ScS- 
Andreev LaOo.gFo.iFeAs contacts were studied. The 
dynamic conductance dI(V) /dV of single contacts and 
nanosteps demonstrates two well-reproducible sets of 
SGS corresponding to the pair of independent gap val- 
ues. The number N of elementary contacts in the nanos- 
teps was controlled by comparison of a single contact 
dI(V)/dV spectra with dynamic conductance charac- 
teristics of several stacks normalized to a single junc- 
tion spectrum. Figure 4 shows dI{V)/dV spectra for 
a single contact jjdl7 (thin dotted curve) and for the 
stacks |)d9 and |)dl0 with different number of junctions 
in the array (N = 2, bold black curve and iV = 4, dash- 
dotted curve respectively). Scaling of the SGS with 
properly selected number of contacts N in nanosteps 
is straightforward. Following the equation of Kiimmel 
et al. [2], we easily obtain the large gap Al ~ 6.1 meV. 
As for the small gap minima, 2A$ peculiarities marked 
by arrows (at the top of Fig. 4 and in the inset) give 
A s = 0.8 meV and 1.25 meV values at T = 4.2 K for 
the single contact (tdl7 and for the array jjd9, respec- 




Fig. 4 Normalized CVC and dynamic conductance of ScS- 
Andreev contacts in LaOo.gFo.iFeAs sample LOFA5: con- 
tacts jjdlO (N = 4 junctions in a stack), Jd9 (N = 2), both 
normalized to fjrflT (single ScS-junction, marked by dots). 

rplocal ^ 26K The g G g for , arge gap ^ l ] abels ) gives 

Al « 6.1 K for all the contacts, the small gap As ~ 0.8 K 
(contact ttdl7) and 1.25 meV (contact f|d9) SGSs are marked 
by black arrows and ng labels. Inset shows details of small 
gap SGS for contacts |jdl7 and |}d9 (from Fig. 4) 



tively. The critical temperature in the contact region 
r^iocai wag f ounc [ w ith a help of Al,s(T) dependence. 
The values obtained Al w 6.1 meV, As ~ 1.25 meV, 
and T^? cal = 26 ± 1 K are close to the results of [IB] . 

Figure 5 shows normalized CVC and dynamic con- 
ductance of two-contact ScS- Andreev array (Jdl4 in an- 
other LaO(F)FeAs sample. Sharp SGS related to the 
large gap (marked by black labels) gives Al ~ 
4.5 meV (see solid squares in the inset to Fig. 2). All 
these Andreev minima up to n — 5 are double-splitted. 
It seems that the doublets observed on the high-quality 
characteristics are caused by some anisotropy of the Al 
order parameter, though it has no nodes, as was shown 
in [B] . The CVC at Fig. 5 demonstrates a small Joseph- 
son supercurrent at zero bias caused by the tunneling 
between the sample clefts. An SGS associated with the 
small gap (gray ns labels and black arrows) leads to 
As ~ 0.8 meV (see open squares at the inset to Fig. 5). 

The BCS-ratio 2A L /k B Tg cal = (4.2 5.6) (Tg cal 
is the Tc of the contact area) exceeds 3.52-value and 
thus is in favor of a strong coupling in Al condensate. 
At the same time, 2A s /k B Tg cal < 1.2 is a result of 
induced superconductivity at finite temperatures in the 
bands with the small gap. These values support data 
reported earlier in [B] and are in close agreement with 
the experimental results on GdO(F)FeAs [7] and our 
data on MgB 2 published in P^lfTB] , 
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Fig. 5 Normalized CVC and dynamic conductance of ScS- 
Andreev two contacts array (tdl4 (sample LOFA4). The SGS 
related to the large gap ( labels) gives Al ~ 4.5 meV 
(the region with a slightly reduced superconductivity). Thin 
vertical lines represent the expected location of Andreev min- 
ima in accordance with theoretical formula V n = 2 A/ en from 
f2]. The small gap peculiarities (light ns labels and black ar- 
rows) lead to As ~ 0.8 K. (Inset) The V n (l/n) dependences 
plotted for the SGS minima of both gaps (from Fig. 5). Lines 
average the experimental values 



3.3 FeSe 

Among the new class of Fe-based superconductors [5] , 
layered FeSe has the simplest crystal structure and rela- 
tively low critical temperature Tc. Polycrystalline FeSe 
samples have been grown from melt by spontaneous nu- 
cleation. The synthesis process was described in detail 
in [5]. The intrinsic multiple Andreev reflections effect 
(IMARE) was observed in FeSe nanosteps earlier [8]. 

Figure 6 represents /(V) and dI(V)/dV character- 
istics for several ScS-junctions in FeSe formed by suc- 
cessive mechanical readjustments of the contact. Two 
sets of SGS with a limited number of dips are detected. 
The first set of dips (marked by til labels) gives the 
large gap value A L 2.6 me V. The second set of dips 
(ns labels) corresponds to the small gap As « 1 meV. 
It is worth to note that the dip positions and, conse- 
quently, the gap values remain unchanged in the process 
of readjustment of the contact. This proves the high ho- 
mogeneity of the sample superconducting properties in 
the contact area. Summarizing the data for more than 
30 ScS-contacts, the averaged superconducting gap val- 
ues arc A L = 2.8 ± 0.4 meV and A s = 0.8 ± 0.2 meV 
(T = 4.2 K, T c ulk = 12 ± IK) 0. 

Figure 7 shows the temperature dependences of the 
gaps A L>S {T) for two ScS-contacts in FeSe. The A L (T)- 
curve lies slightly below the standard BCS-like depen- 
dence. The As(T) dependence for the small gap devi- 
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Fig. 6 Normalized to a single junction I(V) and dI(V)/dV 
characteristics for ScS- Andreev contacts in FeSe (sample FS1, 
contacts (Jd8, #d9, fidll of three SnS-junctions in a stack; 
T c = 12.5 K, T = 4.2 K). Two SGS at bias voltages V nZ ,,s = 
2A/eriL,s corresponding to the large (til labels) and the 
small gap (ns labels) yield the values Al « 2.6 meV and 
As ~ 1 meV 



ates from the BCS-type curve and is in a good agree- 
ment with the calculations in [17]. Knowing the local 
T iocai _ 9 7K; one can ca i cu i a te the BCS-ratio. For 
the large gap, we obtain 2A L /k B T c Dcal « 5.7 which 
exceeds the BCS value 3.52 for a single-gap supercon- 
ductor. On the other hand, for the small gap As the 
ratio 2As/kBTc is much smaller than 3.52. Such a be- 
havior resembles the situation in MgBi [T5UT9 , 20 and, 
by parity of reasoning, can be explained by fc-space 
proximity effect [21U22j between two superconducting 
condensates, where the large gap condensate plays a 
"driving" role. 

4 Discussion 

It was pointed out 23 that inelastic neutron scattering 
data can provide a valuable information about the sym- 
metry of the superconducting gap in novel superconduc- 
tors. Calculations showed, in particular, that a hump 
structure must appear in the dynamic spin suscepti- 
bility just above the 2A energy in the case of an s ++ 
wave state (the fully gapped s-wave state without sign 
reversal) [23j. Recently, the experimental linear depen- 
dence of the spin resonance energy E res on Tc with the 
average slope A.lksTc was presented for several iron 
based superconductors (Fig. 5 in [H]). Within exper- 
imental errors, this dependence is coincident with the 
plot of the superconducting gap parameter 2 A L vs the 
Tc for iron based superconductors: Ce-1111 (present in- 
vestigation), FeSe (0), LaO(F)FeAs [6], GdO(F)FeAs 
[7], as well as KFe 2 As 2 , FeTei-^Se^, LiFeAs, (see Fig. 
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Fig. 7 Temperature dependence of two superconducting 
gaps A L (T) (sample FS1, contact fofl; A L (T = 4.2 K) = 2.4± 
0.2 meV) and A S (T) (sample FS2, contact J6; zA s (4.2 J-f) = 
0.7 ±0.1 meV). Local T l c ° cal = 9.7 ±0.5 AT. Single-gap BCS- 
like curves (dashed lines), and the normalized sample resis- 
tance R n0 rm(T) (gray circles) are presented for comparison 



11 in 8 and Refs. therein). Although the scattering of 
data is quite significant (Fig. 8), two linear dependences 
emerge with 2A L /k B T c = 4.8 ± 1.0 and 2A s /k B T c = 
1.1 ± 0.4. The coincidence of 2A L /k B T c (Fig. 8) and 
Eres/ksTc (Fig. 5 in 24 ) supports the version of a 
fully gapped s-wave state without sign reversal [2"3"] . 

In conclusion, properties of CeO(F)FeAs, LaO(F)FeAs, 
and FeSe superconductors were studied by ScS- Andreev 
and IMARE spectroscopies. The dynamic conductance 
curves of single and stack ScS-contacts cannot be de- 
scribed within the single-gap framework and evidence 
for the two-gap superconductivity in these compounds. 
CeO(F)FeAs (T% dk = 41 ± 1 K) pioneer studies showed 
the two superconducting gaps Al — 9 ± 1 meV, As = 
1. 6±0. 2 meV with 2 A L /k B T^ ulk « 5.1, 2A s /k B T^ ulk w 
0.9. In LaO(F)FeAs the two superconducting gaps val- 
ues Al — 4.5~6.5meV, A$ = 0.8-^1.3meV were deter- 
mined, leading to the BCS-ratios 2A L /k B T l ( $ cal = 4.2-=- 
5.6 and 2A s /k B T l ( ? cal = 0.6-^1.2, respectively (T^? cal = 
25 29 K). The splitting of the SGS dips observed for 
high-quality characteristics suggests an anisotropy of 
the Al order parameter. IMARE spectroscopy data on 
FeSe break junctions point to Al = 2.8 ± 0.4 meV, 
A s = 0. 8±0. 2 meV with 2 A L jk B T l ° cal w h.l,2A s /k B T c 
1.5 (T l ° cal = 9.7±0.5K). The temperature dependences 
Al,s(T) indicate the /c-space proximity effect between 
two superconducting condensates. The large gap BCS- 
ratio for all the materials studied exceeds 3.52, indicat- 
ing a strong electron-boson coupling in the "driving" 
Al condensate; the small gap one appears to be less 
than 3.52 thus suggesting an induced superconductiv- 
ity at finite temperatures in the "driven" As conden- 
sate due to a nonzero interband coupling. A linear re- 
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Fig. 8 Scaling of superconducting gaps with Tc for 
iron-based superconductors: 2Al /ksTc = 4.8 ± 1.0 and 
2As /ksTc = 1.1 ± 0.4. Star points data obtained by other 
groups (see Refs. in [B]) 



lation between superconducting gap Al and magnetic 
resonance energy E res « 2Al is found to be valid for 
Fe-based superconductors. 
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